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LUNAR RADAR MEASUREMENTS OF THE EARTH'S MAGNETOSPHERIC WAKE 
Abs t rac t .  During t h e  per iod  from December 1963 t o  A p r i l  1964, a l a r g e  
number of combined Faraday po la r i za t ion  and Doppler frequency measure- 
ments were made on luna r  radar  echoes a t  S tanford ,  Ca l i fo rn ia .  The 
r e s u l t s  of t h e  measurements taken while t h e  moon w a s  i n  t h e  a n t i - s o l a r  
quadrant show a large s p a t i a l  v a r i a t i o n  of t h e  e l e c t r o n  content beyond 
t h e  ionosphere. A f i r s t - o r d e r  model of t h e  e a r t h ' s  magnetospheric wake 
i s  deduced, having t h e  following c h a r a c t e r i s t i c s :  (1) t h e  e l e c t r o n  
dens i ty  i n s i d e  t h e  wake is about 200 c m - 3  g r e a t e r  than  t h e  s o l a r  wind 
e l e c t r o n  dens i ty ;  (2)  t h e  wake extends a t  least  t o  t h e  o r b i t  of t h e  
moon; and ( 3) 
t h e  earth-sun 
In t roduct ion .  
t h e  wake i n t e r s e c t s  t h e  luna r  o r b i t  a t  about 120° from 
l i n e .  
S ince  t h e  f i r s t  l una r  r ada r  echoes were made i n  1946 
[ D e  W i t t  and S todola ,  19491, cons iderable  e f f o r t  has centered  around 
determining t h e  e l e c t r o n  content of t h e  ionosphere by measuring t h e  
Faraday p o l a r i z a t i o n  of t h e  returned echoes [Browne e t  a l ,  19563. 
A two-frequency Faraday po la r i za t ion  method w a s  f i r s t  introduced by 
Evans [19571 t o  measure the t o t a l  e l e c t r o n  conten t  i n  t h e  ionosphere. 
Subsequently, t h e  two-frequency Faraday p o l a r i z a t i o n  method w a s  
ex tens ive ly  used by Evans and Taylor Ti9611 a t  J o d r e l l  Bank. 
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Recently, another technique, based on d i s p e r s i v e  Doppler e f f e c t s ,  
w a s  used [Howard e t  a l ,  1964aI t o  f i n d  the  r a t e  of change of e l e c t r o n  
content along t h e  e n t i r e  lunar  radar path.  A combined Faraday and 
Doppler technique w a s  f i r s t  employed f o r  t h e  20 J u l y  1963 solar 
e c l i p s e  [Howard e t  a l ,  1964bI. 
From December 1963 to  A p r i l  1964 d a i l y  measurements were made of 
t h e  Faraday p o l a r i z a t i o n  and t h e  d i s p e r s i v e  Doppler frequency of 
dual-frequency r ada r  echoes from t h e  moon, T h i s  paper i s  a preliminary 
report on t h e  a n a l y s i s  of t h e  r e s u l t s  obtained dur ing  t h e  n ight t ime 
hours, when t h e  moon w a s  i n  d i r ec t ions  oppos i te  t h e  sun. They suggest 
a r a t h e r  l a r g e  e l e c t r o n  density i n s i d e  t h e  e a r t h ' s  magnetospheric 
wake, and an extension of t h e  wake a t  least  t o  t h e  orb i t  of t h e  moon. 
The e l e c t r o n  dens i ty  i n s i d e  t h e  wake appears t o  be about 200 ~ m ' ~  
g r e a t e r  than  i n  t h e  solar wind region, and t h e  width of t h e  wake i s  
approximately 100 earth r a d i i  a t  t h e  lunar  o r b i t .  Recently, Howard 
e t  a1 [ 19651 made dual-f requency, group-path measurements of l una r  
r ada r  echoes t o  determine the  t o t a l  columnar e l e c t r o n  conten t  between 
t h e  e a r t h  and t h e  moon, The r e s u l t s  of these measurements complement 
t h e  combined Faraday po la r i za t ion  and Doppler measurements repor ted  
here e 
During t h i s  experiment t h e  moon made more than  f i v e  r evo lu t ions  
around t h e  earth.  Figure 1 represents  t he  p lane  of t h e  luna r  o rb i t ,  
looking from t h e  no r th  c e l e s t i a l  pole .  There are seve ra l  d i f f e r e n t  
reg ions  i n s i d e  t h e  luna r  o r b i t ,  cha rac t e r i zed  by t h e i r  d i f f e r e n t  
magnetic f i e l d s ,  high- and low-energy e l e c t r o n  d e n s i t i e s ,  and plasma 
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Fig .  1. ILLUSTRATION OF VARIOUS REGIONS OF THE CISLUNAR MEDIUM, 
AND AN EXAMPLE OF A LUNAR RADAR PATH 
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flow parameters. The rada r  path scanned t h i s  e n t i r e  region seve ra l  
t i m e s  dur ing the experiment. 
Experiment, The equipment and experimental  procedures have been 
described i n  some d e t a i l  by Howard et a1 f i964a,b,c;  1965].We sha l l  
b r i e f l y  d iscuss  t h e  experiment he re ,  I t  involves  t h e  t ransmission 
of t w o  harmonically-related frequencies a t  about 25 and 50 M c  us ing 
l i n e a r  po la r i za t ion .  "he time requi red  f o r  t h e  complete cycle of 
opera t ion  f o r  one echo is f ive  seconds, i .e. ,  2 .5  seconds of t rans-  
mi t t i ng  t i m e  followed by t h e  same period f o r  recept ion.  The t r ans -  
mi t t i ng  antennas were a l s o  used as rece iv ing  antennas f o r  t h e  Doppler 
frequency measurements. 
used t o  measure t h e  change of Faraday po la r i za t ion  angle  a t  50 M c .  
The loca t ion  of t h e  d i sh  is 800 meters from the  t ransmi t t ing  antennas. 
The terminals  of t h e  crossed feed  a r e  connected to  a goniometer 
A 60-foot d i sh  w i t h  a crossed-Yagi feed  w a s  
r o t a t i n g  a t  30 rpm, synchronized wi th  t h e  t ransmi t  and r ece ive  cyc le .  
In  addi t ion  t o  the  measurement throughout a run of Faraday polar iza-  
t i o n  angle,  d i f f e r e n t i a l  Faraday measurements were conducted a t  the 
beginning and/or end of each d a i l y  experiment. T h i s  addi t iona l  
measurement makes i t  possible  t o  determine t h e  t o t a l  number of 
p o l a r i z a t i o n  r o t a t i o n s  so as t o  provide a s t a r t i n g  point  or zero  
f o r  t h e  r e l a t i v e  angle  measurements. The experiment was conducted 
f o r  one t o  three hours each day around local lunar  t r a n s i t  t i m e ,  
whi le  t h e  moon was i n  t h e  log-periodic a r ray  beam. 
Equipment parameters are shown i n  t h e  following t a b l e .  
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EQUIPMENT PARAMETERS 
Transmitter power 
Frequency 
Pulse  length 
50-kw average (50 MC) 
300-kw average (25 Mc) 
49.802 M c  (50 M c )  
2 4 . 9 1  Mc (25 Mc) 
2.5-sec t ransmit  
2.5-sec rece ive  
Transmitt ing antennas 
( l i n e a r l y  polar ized)  
l5O-foot d i s h  (50 Mc) 
48-element log-periodic  
array (25 MC) 
Receiving antennas 
Receiver bandwidth 
150-foot d i sh  (50 Mc) 7 
Doppler 
frequency 48-element log-periodic  
a r ray  (25 Mc) 
Faraday crossed-Yagi feed p o l a r i z a t i o n  3 @-foot  d i s h  wi th  (50  Mc) 
Doppler 3 2 kc (50 Mc) 1 kc (25 M c )  
0 .1  kc (50 Mc) Faraday 
5 
Theory, 
i n  a magnetoionic medium can be  w r i t t e n  a s  [Howard et a l ,  1964bI: 
The amount of ro t a t ion  of po la r i za t ion  (Faraday r o t a t i o n )  
% -(%J  TO 
where QF is t h e  number of Faraday r o t a t i o n s ,  f L  is  t h e  longi- 
t ud ina l  gyro-frequency, f i s  t h e  operat ion frequency, To i s  t h e  
free-space propagation time, f o  i s  t h e  plasma frequency, fo << f, 
and t h e  ba r  denotes mean values along t h e  path.  The square of t h e  
plasma frequency i s  r e l a t e d  t o  the  e l ec t ron  dens i ty  by t h e  following 
r e l a t i o n s h i p  : 
f = 80.6 N 
0 
where N is t h e  e l ec t ron  densi ty .  S ince  one Faraday r o t a t i o n  a t  
50 M c  corresponds t o  about 8 x 1015 e lec t rons  p e r  square meter, 
which i s  about 1/10 of t h e  normal ionospheric  content ,  t h e r e  w i l l  
u sua l ly  be  an ambiguity concerning the  t o t a l  number of r o t a t i o n s  
when only t h e  Faraday angle i s  measured. 
ambiguity can be resolved by measuring t h e  Faraday po la r i za t ion  a t  
two c lose ly  spaced frequencies .  The t o t a l  number of Faraday ro ta -  
t i o n s  can thus  be  expressed as :  
Evans !1957] showed t h a t  the 
*‘F 
2nf QF = -
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where Af i s  t h e  d i f f e rence  of two f requencies ,  and A@F i s  t h e  
d i f f e rence  of measured po la r i za t ion  angles .  The columnar e l e c t r o n  
conten t  i n  t h e  ionosphere IF 
Faraday r o t a t i o n s  by use of t h e  fo l lowing  expression: 
can be  c a l c u l a t e d  from t h e  number of 
where c i s  t h e  speed of l i gh t  i n  f r e e  space.  The value of f L  
i s  chosen a t  400 k m  above t h e  ground f o r  t h e  daytime measurements 
and about 700 km f o r  t h e  nighttime, so as t o  be r ep resen ta t ive  of 
t h e  whole ionosphere a t  these t i m e s  of day rYoh et a l ,  19651. 
The t i m e  i n t e g r a l  of t h e  Doppler excess frequency ( o r  d i s -  
p e r s i v e  Doppler frequency) is a measure of t h e  e l e c t r o n  conten t  
r e l a t i v e  t o  an unknown zero po in t  along t h e  e n t i r e  radar  pa th  
[Howard e t  a l ,  1964aI. The r e l a t i v e  e l e c t r o n  conten t  ID can be  
expressed a s  : 
1 
@DE 
- -  
I D  - 40.3 (4) 
i s  t h e  t i m e  i n t e g r a l  of t h e  Doppler excess frequency. 
@DE where 
Resul t s .  The averaged results of t h e  measurements taken over  t h e  
?-month per iod  are shown i n  F ig .  2, where r e l a t i v e  e l e c t r o n  conten ts  
are p l o t t e d  as a func t ion  of l o c a l  t i m e .  The dashed l i n e  i s  de te r -  
mined from t h e  Faraday po la r i za t ion  measurements and t h e  s o l i d  l i n e  
f r m  t h e  Doppler excess frequency, The v e r t i c a l  bars denote measure- 
ment unce r t a in ty .  The Faraday p o l a r i z a t i o n  r e s u l t s  IF show t h e  
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average d iu rna l  v a r i a t i o n  of t h e  e l ec t ron  content  i n  t h e  ionosphere 
w i t h  t he  e l ec t ron  content  increasing rap id ly  a f t e r  s u n r i s e  and 
reaching i t s  maximum value about noon. The conten t  s t a r t s  t o  decay 
i n  t h e  e a r l y  af ternoon and continues t o  f a l l  u n t i l  a f t e r  sunse t .  
The nighttime value of e lec t ron  content i s  near ly  cons tan t .  S imi l a r  
d iurna l  va r i a t ions  of t h e  e lec t ron  conten ts  have been obtained a t  
Stanford by measuring Faraday po la r i za t ion  of r ad io  waves t ransmi t ted  
from a geostat ionary s a t e l l i t e  fGar r io t t  e t  a l ,  19631. 
The v a r i a t i o n  of e lec t ron  content  measured by the  Doppler excess 
method shows a d i f f e r e n t  behaviol. from t h a t  based on Faraday po la r i -  
za t ion .  The two most d i s t inguish ing  f e a t u r e s  a r e  the post-sunset 
i nc rease  of e l ec t ron  content and the  predawn decrease.  The d i f f e r -  
ence of t h e  curves f o r  these two periods, ID minus I F ,  i s  p l o t t e d  
i n  polar  coordinates  i n  Fig. 3 ( s o l i d  l i n e ) .  
method measures the  e l e c t r o n  content  i n  t h e  ionosphere and t h e  
in t eg ra t ed  Dopp le r  method measures t h e  r e l a t i v e  e l ec t ron  content  
along t h e  e n t i r e  radar  path, F ig .  3 shows r e l a t i v e  e l ec t ron  content  
beyond t h e  ionosphere i n  the r a d i a l  s c a l e .  
S ince  t h e  Faraday 
I t  should be  noted t h a t  s i n c e  echoes w e r e  obtained only near 
the  t i m e  of lunar  t r a n s i t ,  t h e  azimuthal scale i n  Fig.  3 may be 
i n t e r p r e t e d  either i n  terms of l o c a l  time, or i n  terms of d i r ec t ions  
from t h e  e a r t h  i n  ( o r  near) t he  ec l ip t ic  plane r e l a t i v e  t o  t h e  
earth-sun l i n e .  Thus, the 12-hour t i m e  represents  t h e  s o l a r  d i rec-  
t i on ;  t h e  24-hour time, the a n t i s o l a r  d i r e c t i o n ;  and t h e  6-hour 
t i m e ,  t h e  d i r e c t i o n  of the ear th 's  motion around the  sun. 
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POLAR PLOT OF lo-l,VS LOCAL TIME 
Fig. 3. DIURNAL AND DIRECTIONAL CHANGES I N  THE AVERAGE DIFFERENCE 
BETWEEN THE COLUMNAR ELECTRON CONTENT DETERMINED FROM THE DOPPLER 
AND FARADAY MEASUREMENTS. Measurement r e s u l t s  are shown by t h e  
s o l i d  l i n e ,  while t h e  broken l i n e  represents  t h e  r e s u l t s  t h a t  
would be obtained from the model discussed i n  t h e  t e x t .  
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Discussion. The e l e c t r o n  content beyond t h e  ionosphere shows a 
semi-diurnal v a r i a t i o n ,  It is  suggested t h a t  the v a r i a t i o n  of 
e l ec t ron  content  on t h e  daytime s i d e  is  due t o  a d iu rna l  exchange 
of t h e  i o n i z a t i o n  between t h e  upper ionosphere and lower magneto- 
sphere [Yoh et a l ,  19651. This sub jec t  w i l l  b e  discussed more 
f u l l y  i n  another  publ icat ion.  
W e  be l i eve  t h a t  t h e  other  main f e a t u r e  of Fig.  3, which shows 
l a r g e  changes i n  in tegra ted  dens i ty  during t h e  post-sunset and 
pre-sunrise  hours,  i s  a d i r ec t iona l  e f f e c t  r e l a t e d  t o  t h e  d i s t r i b u -  
t i o n  of e l e c t r o n  dens i ty  i n  the  magnetospheric wake. From t h e s e  
c h a r a c t e r i s t i c s ,  a model i s  suggested having t h e  fol lowing charac- 
terist ics : 
1. The c i s l u n a r  e l ec t ron  dens i ty  beyond t h e  ionosphere i n  
the  a n t i - s o l a r  quadrant i s  g r e a t e r  by about 200 c m  
than t h e  solar-wind e l e c t r o n  dens i ty .  
-3 
2. The boundary of the  d i scon t inu i ty  i n  dens i ty  extends 
a t  least t o  the o r b i t  of t h e  moon, 
3. This boundary i s  an extension of t h e  measured magneto- 
sphe r i c  shock f ront ,  and i t  i n t e r s e c t s  t h e  lunar  o r b i t  
a t  about 120° from the ear th-sun l i n e  ( a t  20 hours and 
04 hours i n  F i g ,  3).  
Figure 4 shows the proposed boundary ( s o l i d  l i n e ) .  The open 
circles jo ined  by dot ted  l i n e s  are the  shock wave and magnetopause 
boundaries measured by IMP-I [ N e s s  e t  a l ,  19641. 
The r ada r  r e s u l t s  are explained as fo l lows ,  The pre-dawn 
decrease of i n t e g r a t e d  e lec t ron  dens i ty  beyond t h e  ionosphere is  
11 
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due t o  t h e  f a c t  t h a t  t h e  moon i s  moving toward t h e  s o l a r  d i r e c t i o n  
and, thus,  t he  r ada r  path length i n  t h e  high dens i ty  region is 
progress ive ly  shortened. Hence a decrease of t h e  c i s l u n a r  e l ec t ron  
content  is observed. The post-sunset i nc rease  is  due t o  t h e  moon 
moving toward t h e  an t i - so la r  d i r ec t ion .  The p a r t  of t h e  t o t a l  
radar  path i n  t h e  high density regions i s  lengthened so t h a t  the 
t o t a l  e l ec t ron  content  increases .  
A computed r e l a t i v e  e l ec t ron  content  from the above model 
i s  p l o t t e d  i n  Fig.  3 (dot  and dash l i n e )  f o r  comparison with t h e  
observa t ions ,  While there  may be o the r  f e a t u r e s  i n  t h e  data ,  such 
a s  a poss ib l e  dens i ty  reduction i n  t h e  cen te r  of t h e  wake, i t  
appears t h a t  t h e  pr inc ipa l  f e a t u r e s  of t h e  measurements a r e  ex- 
plained by t h i s  s i m p l e  model. 
Figure 4 shows that t h e  boundary of t h e  proposed model is a 
s t r a i g h t - l i n e  ex t rapola t ion  of t h e  measured shock wave boundary. 
A t  t h e  l i m i t s  set by t h e  o r b i t  of IMP-I, there i s  no ind ica t ion  
t h a t  the  shock f r o n t  i s  curving back around t h e  ea r th ,  a s  has been 
proposed i n  some models. 
The low-energy,charged-particle measurements on IMP-I i n d i c a t e  
a decrease i n  dens i ty  as the sa te l l i t e  crosses  the shock f r o n t  
f r o m  t h e  post-shock regions t o  t h e  pre-shock regions.  The d i f f e r -  
ence i n  dens i ty  is  from a few t o  over a hundred p a r t i c l e s  per  
cubic  cent imeter .  The various instruments,  however, a r e  s e n s i t i v e  
t o  d i f f e r e n t  energy l eve l s .  I t  appears t h a t  t h e  r e t a rd ing  poten- 
t i a l  analyzer  can b e s t  be used f o r  comparison purposes, s i n c e  
t h i s  instrument includes e l ec t rons  a t  thermal energies  (0 - 5 e v ) ,  
I t  should be noted t h a t  radar measurements are s e n s i t i v e  t o  a l l  
n o n - r e l a t i v i s t i c  e lec t rons .  Prel iminary r e s u l t s  f o r  t h e  r e t a rd ing  
p o t e n t i a l  analyzer  on the f i r s t  out-bound o r b i t ,  a s  reported by 
Serbu f1965] , imply an e lec t ron  dens i ty  of about 200 ~ m ' ~  I n s ide  
t h e  shock f r o n t ,  w i t h  no measurable e l e c t r o n s  i n  t h i s  l o w  energy 
range ou t s ide  t h e  shock f ron t .  
ca l cu la t ed  f r o m  the re ta rd ing  p o t e n t i a l  analyzer  r e s u l t s ,  assuming 
an i s o t r o p i c  d i s t r i b u t i o n  of d i r e c t i o n s  and a mean energy of 1.73 
ev (as measured a t  9 ear th  r a d i i )  extending from about 5 t o  16 
e a r t h  r a d i i .  
Figure 5 shows t h e  e l e c t r o n  dens i ty  
Theore t ica l  expectations f o r  t h e  r a t i o  of p a r t i c l e  d e n s i t i e s  
on t h e  t w o  s i d e s  of t h e  shock f r o n t  a r e  about 4 t o  1 [Kellogg, 
19621. 
region a s  being about 10 ~ m - ~ ,  then t h e  dens i ty  i n  t h e  postshock 
region should be no more than 40 ~ m - ~ ,  
of t h e  e l e c t r o n  dens i ty  i n  t h i s  region a r e  much too  l a r g e  t o  agree 
wi th  t h e  theory.  I t  i s  bel ieved t h a t  t h e  thickness  of t h e  shock 
f r o n t  i s  of t h e  order  of a few kilometers rParker,  19593. 
However, t h e  thickness  of t h e  measured magnetosheath between t h e  
shock and t h e  magnetopause i s  of t h e  order  of t e n s  of thousands 
of ki lometers .  Whether t h e  dens i ty  of t h e  s o l a r  wind i s  much 
l a r g e r  than t h e  present accepted value,  o r  t h e  4 to  1 r a t i o  of 
dens i ty  app l i e s  only t o  a small  region a t  t h e  shock f r o n t ,  needs 
f u r t h e r  s tudy and measurement. 
I f  one accepts  the  s o l a r  wind dens i ty  i n  the preshock 
Thus, t h e  measured values  
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